Abstract. As part of the efforts to drug repurposing, some HIV drugs have recently been identified to exert anticancer effects. Selected nucleoside analogues of nucleosidic reversetranscriptase inhibitors (NRTIs) have been shown to interfere with RNA transcription of HI viruses as well as with the replication of DNA in cancer cells. Non-nucleosidic reverse transcriptase inhibitors (NNRTIs) are believed to have less effects on human DNA replication and, thus, on cancer cell proliferation. Assessment of the effect of the NNRTI efavirenz in human cancer cells, however, revealed a high sensitivity of leukemia cells to this agent at pharmacologically relevant concentrations of less than 10 µg/ml. Cell death induced by efavirenz was caused by apoptosis, as shown by FACScan analysis (Annexin binding) and western blot analysis (cleavage of caspases and PARP). Western blot analyses also revealed a pronounced activation and phosphorylation of the DNA damage marker proteins p53, chk2 and H2AX, indicating DNA replication and genomic integrity as primary targets of efavirenz in leukemia cells.
Introduction
The increasing worldwide incidence of cancer is a serious global health problem. Despite significant advances in cancer treatment and drug development, there is an urgent need for additional and better tolerated anticancer drugs to treat primary and recurrent cancers. Unfortunately, the development and discovery of new anticancer drugs is expensive, time-consuming, and in the worst case, must be terminated during clinical trials due to the occurrence of intolerable side effects or poor effectiveness (1, 2) .
Testing of already approved therapeutic drugs for additional purposes, so-called drug repositioning, is a recently growing approach to discover new applications for already existing drugs (1, 3) . When screening tests or preclinical data indicate a new possible application for a specific drug, preexisting knowledge on its pharmacokinetics, bioavailability, and side effects facilitate the assessment of its possible application in humans. Recent studies have indicated that HIV drugs may represent a valuable source of possible new anticancer drugs (4, 5) . In particular, the HIV protease inhibitor nelfinavir was found to be highly active on a variety of human cancer cells (6) (7) (8) (9) (10) , and is currently being tested in several clinical studies on cancer patients (7, (11) (12) (13) .
A screening of anti-retroviral drugs for their efficacy on human cancer cells revealed a striking sensitivity of cancer cells to the non-nucleoside reverse transcriptase inhibitor (NNRTI) efavirenz (14) (15) (16) (17) . Recently we observed that efavirenz could influence cell viability of endothelial cells (14) . Moreover, this inhibition was associated with an increase in oxidative stress markers, endoplasmic reticulum (ER) stress markers, and autophagy (14) . A cytotoxic effect has been demonstrated on several tumor cell lines including colorectal, pancreatic and the human leukemia cell lines Jurkat (acute T-cell leukemia cells) (17) . Blood cancer cells are highly sensitive to cytostatic drugs but, depending on the cancer type, often become resistant after initial therapy, necessitating second and even third line treatment therapies (7, 11, 18) . Thus, there is a need for additional new anticancer drugs that induce specific cell death pathways in leukemia cells (11, 18) . The present study describes the effect of efavirenz on the leukemia cancer cell lines Jurkat (acute T-cell leukemia), HL60 (acute promyelocytic leukemia), and IM9 (EBV-transformed B-lymphoblastoid). were cultured in rPMI-1640 medium supplemented with 10% fetal calf serum and antibiotics at 37˚C in a humidified atmosphere with 5% CO 2 and was performed as previously described (11, 14) . All cell culture reagents were from PAA Laboratories (Pasching, Austria).
Materials and methods

Cells
Reagents. Efavirenz was from Bristol-Myers Squibb (Munich, Germany) and recovered from 50 mg capsules by means of repeated ethanol extraction and speed-vac concentration (Eppendorf Concentrator 5301; Eppendorf, Hamburg, Germany). The efavirenz extract was finally dissolved in 1 ml of ethanol to obtain a stock solution of 50 mg/ml in ethanol.
Chemo-sensitivity assays (ATP and MTT assay).
To test viability of cancer cells, the bioluminescent ATP assay was performed as previously described (14) . For the ATP assay, 5,000 cells in a total volume of 200 µl were plated in flat bottom 96-well plates (nunc, Wiesbaden, Germany) and incubated with the indicated cytostatic drugs for 48 h at 37˚C. for cell extraction, 50 µl tumor cell extraction buffer (DCS Innovative Diagnostic Systems, Hamburg, Germany) was added to each well, mixed thoroughly and incubated for 20 min at room temperature. Leukemia cells were collected by centrifugation before extraction in 50 µl cell extraction buffer. Using a MicroLumat LB 96P bioluminometer (EG&G Berthold, Bad Wildbad, Germany), Luciferin-Luciferase agent (DCS Innovative Diagnostic Systems) was added automatically to each sample and analyzed for bioluminescence.
FACScan analyses
Annexin binding assay. fITC-labeled Annexin V (BioCat, Heidelberg, Germany) was applied to viable cells as recommended by the supplier in combination with propidium iodide and analyzed by FACScan with an FL-1 setting (propidium iodide) of 575 nm and an FL-2 setting (FITC) of 530 nm. FACScan analysis was performed using a Beckman Coulter Epics XL-MCL flow cytometer (Beckman Coulter, Munich, Germany).
Cell cycle analysis. For cell cycle analysis, HL60 cells were treated for 24 h with efavirenz, washed with PBS, fixed with 70% methanol, and stained with 50 µg/ml propidium iodide in PBS, containing 1 mg/ml rnAse (Sigma, Munich, Germany) prior to fACScan analysis (620 nm filter).
Reactive oxygen species (ROS). Detection of ROS by fACScan analysis used 2' ,7'-dichlorodihydrofluorescein diacetate substrate (DCfH-DA; Sigma). HL60 cells were treated with efavirenz for 24 h. Cells were then incubated for 45 min with 1 µg/ml of DCF-DA in cell culture medium under cell culture conditions, and subjected to FACScan analysis with a 575 nm filter for detection of green fluorescence.
Western blot analysis. For immunoblot analysis, cancer cells were cultured in 10 cm diameter cell culture plates, and cell extracts were prepared by cell lysis in rIPA-buffer (50 mM Tris, pH 8.0, 150 mM naCl, 1% nP-40, 0.5% doxycholine, 0.1% SDS) as previously described (11, 14) . Samples containing 20 µg protein each as determined by the Bio-Rad Bradford assay (Bio-rad, München, Germany) were subjected to SDS-polyacrylamide gel electrophoresis, and proteins were transferred to PVDf membranes in a Bio-rad Mini Protean II (Bio-Rad) at 1 mA/cm 2 membrane in 10% methanol, 192 mM glycine, 25 mM Tris, pH 8.2. Membranes were blocked with 4% non-fat milk powder in PBS with 0.05% Tween-20 for 4 h. Primary antibodies were applied in blocking buffer and incubated at room temperature overnight. All primary antibodies were purchased from Cell Signaling Technology (NEB, Frankfurt, Germany). Secondary, alkaline phosphatase (AP)-coupled antibodies against the corresponding primary antibodies were from Dianova (Hamburg, Germany). AP detection was performed by the chromogenic BCIP/NBT assay (Promega, Mannheim, Germany).
Results
Effect of efavirenz on cell survival and apoptosis in leukemiaderived cell lines. The three leukemia-derived cell lines HL60 (acute promyeolocytic leukemia), Jurkat (acute T-cell leukemia), and IM9 (B-lymphoblastoid) proved to be highly sensitive to efavirenz, revealing a near complete loss of cell viability at a concentration of 10 µg/ml of efavirenz (Fig. 1) . Analysis of efavirenz-treated leukemia cells by microscopy revealed typical morphological signs of apoptosis, such as cellular fragmentation and membrane blebbing (Fig. 2) . FACScan analysis of efavirenz-treated cancer cells by propidium iodide/Annexin staining confirmed the occurrence of apoptosis in addition to necrosis by biochemical means (Fig. 3) .
Efavirenz induces activation of p53 and H2AX.
To gain further insight into the molecular and cell biological effects of efavirenz in human cancer cells, western blot analysis of efavirenz-treated cancer cells was performed (Fig. 4) . Increasing concentrations of efavirenz resulted in the cleavage of all relevant caspases of the intrinsic apoptotic pathway (Fig. 4) , confirming the induction of the canonical apoptotic pathway. In IM9 and Jurkat cells, downregulation of the anti-apoptotic mitochondrial membrane protein mcl-1 was observed (Fig. 4) . Enhanced phosphorylation of p53 and upregulation of the p53 target gene bak were observed in the p53 wild-type leukemia cell line IM9 (fig. 4 ). As these effects were absent in the p53 negative cell lines Jurkat and HL60, further p53-independent pathways that contribute to cell death induced by efavirenz were investigated. Because phosphorylation of p53 in IM9 cells indicated induction of DnA damage, the expression and phosphorylation of the DNA damage-associated histone H2AX in efavirenz-treated leukemia cells was tested. A strong increase in H2AX phosphorylation (γH2AX) was observed in efavirenz-treated Jurkat cells ( fig. 4 ) and, to a lesser extent, in IM9 and HL60 cells (fig. 4) .
Effect of efavirenz on cell cycle progression and generation of reactive oxygen species. Induction of DNA damage and activation of p53 often results in cell cycle arrest, although, in the presence of efavirenz, cell death by apoptosis appeared to prevail when higher concentrations of efavirenz were applied. In fact, the application of 5 µg/ml efavirenz increased the number of G2/M phase cells from 14 to 20%, whereas 10 µg/ml efavirenz predominantly caused cell death in HL60 cells, as visualized by a high percentage of sub-G1 phase cells, representing apoptotic or necrotic cells (Fig. 5) . Since DnA damage may also be a direct, though unspecific effect of the generation of ROS, we also analyzed the generation of roS by efavirenz. Unexpectedly, no generation of roS could be detected in HL60 cells even when high concentrations (10 µg/ml) of efavirenz were applied (Fig. 5) . 
Discussion
The results of the present study reveal that the HIV drug efavirenz effectively induces apoptosis in leukemia cells. This indicates a possible new perspective for the application of efavirenz in the treatment of human non-solid cancer. Efavirenz induces the classical apoptotic pathway associated with an enhanced phosphorylation of H2AX, suggesting efavirenz-induced DNA damage as a possible trigger for apoptosis. The H2AX histone subtype is not a DNA repair enzyme itself, but forms a platform and recognition site for DNA repair enzymes and DNA damage-associated signaling factors, especially at DnA double strand breaks (19, 20) .
Recently we demonstrated that efavirenz can induce cell stress and reduced cell proliferation of endothelial cells (14) . However, concentrations of up to 10 µg/ml, which efficiently induce cell death in leukemia cells, left endothelial cells viable and did not destroy endothelial cell meshwork formations (14) . Efavirenz has demonstrated a significant anti-proliferative effect in pancreatic cancer cells (15) . A cytotoxic effect has been demonstrated on several tumor cell lines including colorectal, pancreatic and Jurkat leukemia cells (17) . Interestingly, while a change in the phosphorylation of ERk and AkT was not observed, the tumor suppressor protein p53 revealed an increased activation of phosphorylation (17) . Moreover, a synergistic effect with cannabinoid agonists has been observed (17) .
The exact mechanism of efavirenz-induced DnA damage remains to be elucidated, especially since efavirenz does not represent a nucleoside analogue. The induction of oxidative stress has often been suggested as the mechanism mediating DnA damage caused by xenobiotics (21) . Indeed, Apostolova et al recently described the induction of oxidative stress in efavirenz-treated human hepatocytes and hepatoma cells (22) , and we have recently described enhanced oxidative stress by efavirenz in human endothelial cells (14) . However, we did not observe the induction of oxidative stress in efavirenz-treated leukemia cancer cells as analyzed by the same standardized ROS assay. Therefore, the different tissue sensitivity against efavirenz resulting in oxidative stress still remains to be elucidated.
In a phase II trial with 53 patients with a metastatic castration-resistant prostate cancer (mCRPC), the use of an increased dosage regime of efavirenz may be beneficial for treatment (16) . In the treatment of leukemia, efavirenz could be tested as a single agent, based on data showing that the effective drug concentrations (~10 µg/ml) are not substantially higher than the doses currently used for the long-term treatment of HIV-infected persons receiving daily efavirenz treatment. The long-term pharmacological experience with this drug, its oral bioavailability, tolerable side effects, and its good compliance (23, 24) are further aspects that could facilitate the design and implementation of clinical trials on efavirenz with leukemia patients.
